Interstitial lung disease is a serious drug-related condition that can cause life threatening organ failure. The incidence and risk factors of drug-induced interstitial lung disease (DILD) are unknown in oncology phase I trials. This study analyzed clinical information from 8906 patients with malignancies who were enrolled in 470 phase I trials sponsored by the Cancer Therapy Evaluation Program, National Cancer Institute, from 1988 to 2014. Logistic and Cox statistical analyses were utilized to determine clinical differences between patients who developed DILD and patients who did not. In this study, the overall incidence rate of patients with pulmonary toxicity was 2.7%. The overall incidence rate for DILD was 0.77%, whereas for grade 3 or 4 DILD it was 0.31%. Median time to occurrence of DILD was 1.4 months. The Cox hazard analysis indicated smaller body surface area and a combination of thoracic radiation with investigational drug regimens were significant risk factors for time to occurrence of interstitial lung disease. Investigators should carefully monitor for DILD in oncology patients enrolled in phase I trials with identified risk factors. A 6-month observation period would be sufficient to detect the onset of most DILD in such patients. D rug-induced lung injury involves single or multiple structures of the respiratory system, including airways, lung parenchyma, mediastinum, pleura, pulmonary vasculature and the neuromuscular system. The most common form of druginduced lung injury is drug-induced interstitial lung disease (DILD), which often manifests as a dry cough, fever and dyspnea. DILD is caused by various types of drugs, particularly antineoplastic agents, antimicrobial agents and antirheumatic agents. The pathogenesis of DILD is still unknown; however, it is thought to be a drug-induced direct lung injury or an immune-mediated reaction. DILD is a serious adverse drug reaction that is life threatening and can lead to permanent respiratory failure requiring chronic oxygen therapy or even death.
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D
rug-induced lung injury involves single or multiple structures of the respiratory system, including airways, lung parenchyma, mediastinum, pleura, pulmonary vasculature and the neuromuscular system. The most common form of druginduced lung injury is drug-induced interstitial lung disease (DILD), which often manifests as a dry cough, fever and dyspnea. DILD is caused by various types of drugs, particularly antineoplastic agents, antimicrobial agents and antirheumatic agents. The pathogenesis of DILD is still unknown; however, it is thought to be a drug-induced direct lung injury or an immune-mediated reaction. DILD is a serious adverse drug reaction that is life threatening and can lead to permanent respiratory failure requiring chronic oxygen therapy or even death.
In regards to antineoplastic agents for solid or hematologic malignancies, bleomycin is a well-known causative agent for DILD, with a reported incidence rate of 10%. Other cytotoxic agents (CA) and molecular targeted agents (MTA) have been generally reported as having an associated incidence of DILD from approximately 0.5-1%.
(1) Many other studies for specific anticancer agents, particularly those associated with epidermal growth factor receptor tyrosine kinase inhibitors, including gefitinib and erlotinib, evaluate DILD incidence rate and identification of risk factors based on data from post-marketing reports. (2) (3) (4) (5) (6) Documented cases of DILD in the scientific literature have focused on rapid onset of disease developing within 3 months of treatment initiation. (2) (3) (4) (5) However, DILD associated with other MTA or CA have not been investigated in detail. In addition, there are patients who develop DILD after long-term treatment (e.g. 3 or 4 months after starting treatment) in clinical practice.
In early phase drug development, animal toxicology preclinical studies may provide some information regarding potential risk of DILD for each new investigational drug. However, the information is limited in its usefulness because DILD is not a frequent adverse event and there is a difference between human and animal dose exposure levels in preclinical studies.patient accrual and determination of maximum tolerated dose level.
Identification of risk factors associated with the occurrence of DILD is potentially very useful and can alert investigators involved in phase I trials to closely monitor specific enrolled patients, even in the absence of information regarding DILD occurring in preclinical studies. Determining the time to occurrence of DILD using a large database of phase I trials, including various agents and treatment combinations, is also potentially valuable to outline sufficient observation periods in phase I trials. In addition, determining the time to occurrence of DILD may enable investigators to understand the potential risk of DILD for each investigational drug during further phases of clinical development. To explore this issue, this study investigated incidence, grade of DILD at time of detection, and time to occurrence of DILD along with associated risk factors related to its occurrence in phase I trials for malignancies. Case reports from the database of phase I trials sponsored by the Cancer Therapy Evaluation Program (CTEP), National Cancer Institute (NCI), National Institutes of Health were used in the analyses.
Materials and Methods
Data source. In this study, we obtained a dataset of 28 771 patients enrolled in 470 protocols of phase I trials sponsored by CTEP. These trials were conducted between November 1982 and September 2014. Due to incomplete demographic data for patients (e.g. age, sex, race, body surface area [BSA], treatment in each protocol, performance status [PS], cancer type and LDH levels before treatment), we excluded 19 865 patients and included the remaining 8906 patients as study subjects. From these 8906 patients, 69 patients had developed DILD (termed Group A). Patients with pulmonary toxicities (termed Group B) included a total of 171 patients with 172 adverse events: 149 who developed pneumonia, 19 who developed pneumothorax and four patients who developed pulmonary infiltration other than DILD. The remaining 8666 patients did not develop any pulmonary-related toxicities (termed Group C) (Fig. 1) .
Statistical analyses. Continuous and discrete variables for the patients' characteristics were summarized using descriptive statistics. The distribution of continuous and discrete variables among Group A (DILD group), Group B (pulmonary toxicity group) and Group C (control group) were compared using the Wilcoxon and Fisher's exact tests, respectively. For Group A (DILD group, 69 patients), the number of patients by each grade and development time is visually displayed using the interpolation method. The survival curve for the time to DILD onset was estimated using the Kaplan-Meier method. Variables affecting the time to DILD development were identified using the multivariate Cox regression analysis that estimates the hazard ratio (HR) with a 95% confidence interval (CI). Moreover, the impact of variables on the onset of DILD was evaluated using multivariate logistic regression analysis that estimates odds ratios (OR) with a 95% CI. For each variable, the OR of Group A (DILD group) relative to the remaining two groups was estimated. P-values <0.05 were considered statistically significant. All statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC, USA).
Results
Patients' characteristics. Patients' characteristics are shown in Table 1 . Patients received MTA only, CA only, or a combination of the two agents (i.e. combination treatments including MTA followed by CA or CA followed by MTA). In addition, combination or sequential therapies that included MTA + MTA or CA + CA were also used. The proportion of patients with PS ≥1 was higher in Group A (DILD group) than in the other two groups by 10%. In Group A (DILD group) and Group B (pulmonary toxicity group), many more patients were treated with MTA + CA or MTA + MTA. The proportion of patients receiving concurrent radiation therapy in Group A (DILD group) was higher than those observed in either Group B (pulmonary toxicity group) or Group C (control group).
Analysis of drug-induced interstitial lung disease. The median of time to DILD onset was 1.4 months (95% CI, Figure 2 shows the number of DILD patients by each grade and month at onset of DILD. We found that onset of disease in the majority of DILD patients with grade 1 or 2 occurred within 2 months of initiating treatment, while those with grades >3 frequently occurred after 3 months. Table 2 shows the results of multivariate Cox regression analysis for 68 patients. A decrease in BSA of 0.1 m 2 significantly affected DILD development (P = 0.0249). Risk factors affecting the development of DILD. Table 3 shows the results of multivariate logistic regression analysis. The proportion of DILD patients receiving MTA + CA therapy was significantly higher than those receiving MTA therapy alone (i.e. the single use of an MTA) (P = 0.0164). A similar result was observed in patients receiving MTA + MTA therapy, but it did not reach statistical significance (P = 0.0952). The risk of DILD development was similar between patients receiving MTA therapy and CA therapy because the HR for CA relative to MTA was 1.035 (95% CI, 0.449-2.384, P = 0.9359). In addition, the proportion of patients with DILD and other risk factors such as concurrent radiation therapy, PS >1, or hematologic cancer was also significantly higher in Group A (DILD 0.0995 †Coexistence of pulmonary disease was defined as patient with lung complication or past-history such as chronic pulmonary lung disease, bronchial asthma, pulmonary embolism, sarcoidosis, pneumothorax, asbestosis and infection. ‡Coexistence of lung lesion was defined as patient with primary lung tumor and/or lung metastases. C, Cytotoxic agent; DILS, drug-induced interstitial lung disease; LDH, lactate dehydrogenase; M, molecular targeted drug; PS, performance status; NA, not applicable. 0.5837 †Coexistence of pulmonary disease was defined as patient with lung complication or past-history such as chronic pulmonary lung disease, bronchial asthma, pulmonary embolism, sarcoidosis, pneumothorax, asbestosis and infection. ‡Coexistence of lung lesion was defined as patient with primary lung tumor and/or lung metastases. C, cytotoxic agent; CI, confidence interval; DILS, drug-induced interstitial lung disease; LDH, lactate dehydrogenase; M, molecular targeted drug; PS, performance status; NA, not applicable. AKT, serine/threonine-specific protein kinase; C, cytotoxic agent; CDK, cyclin dependent kinase; CTLA, cytotoxic T-lymphocyte-associated protein; EGFR, epidermal growth factor receptor; HDAC, histone deacetylase; IGF-1R, insulin like growth factor-1 receptor; M, molecular targeted agent; mAb, monoclonal antibody; mTOR, mammalian target of rapamycin; PARP, poly ADP ribose polymerase; PKC, phosphokinase C; TKI, tyrosine kinase inhibitoror; VEGF, vascular endothelial growth fact.
group) than in Group B (pulmonary toxicity group) and Group C (control group). Details of drugs that induced DILD are shown in Table 4 . There were 110 identified cases of DILD that were linked to 24 different drugs. Among the categories of drugs involved, mTOR inhibitors, HDAC inhibitors and cytidine antimetabolite agents were the most frequently cited.
Discussion
To our knowledge, this analysis summarizes the largest series of adverse events associated with DILD in phase 1 clinical trials to date and facilitates a detailed analysis of DILD that occurred with different types of treatment. Prevalence of DILD in our study was 0.77% for all grades, which is lower than that reported in the general population (2.5-3%). (7) Interestingly, the analysis showed no difference in the incidence of DILD between CA and MTA. As for combination drug therapy, MTA + MTA and MTA + CA trended toward a greater risk than the respective monotherapies. Patients with an unfavorable PS (>2) or a hematological malignancy were also shown to be at a higher risk of developing DILD. No increased risk was observed in Group B (respiratory toxicity group) because patients with known lung fibrosis are excluded from entering phase 1 clinical trials. In addition, our results indicate that a decrease in BSA is closely associated with the onset of DILD.
Our study demonstrates that combination therapies, as a cytotoxic agent plus a molecular targeted agent or combination with radiation, are associated with a greater risk for inducing DILD than monotherapies. In particular, the odds ratio for patients receiving radiation therapy in combination with MTA or CA was 11.39 (95% CI; 3.408-38.076). A previous study of advanced lung cancer showed that 87% of participants treated with conventional chemoradiation therapy experienced complicated pneumonitis at any grade. (8) This phenomenon is attributable to radiotherapy being directly toxic to parenchymal lung cells and inducing the inflammatory process, which was exacerbated by drug therapy. (7) In addition, it is well known that increases in drug dose and combinations of different drugs increase the incidence of DILD. (8) Thus, special caution is needed for patients with low BSA in addition to the abovementioned risk factors who are receiving combination therapy.
Here, we describe the different types of drugs that might have resulted in DILD. However, the data shown are limited and the study did not cover all the drugs available clinically. Nonetheless, caution may be required for the continued development of agents identified in this report to have a causal relationship with DILD, or any anti-cancer medication within the same class as these agents. Moreover, the data included several agents that are currently well recognized as higher risk agents for inducing DILD, such as mTOR inhibitors, EGFR tyrosine kinase inhibitors, and a PARP inhibitor that has been recently suggested as an agent with potential risks. (9) A biphasic peak in incidence of DILD was observed in our study. In general, a lower grade of DILD occurred within 1 or 2 months of receiving the drug treatment, whereas a higher grade DILD occurred later than 3 months after receiving treatment. The incidence of DILD was <0.5% after 3 months. Furthermore, the incidence, prognosis and peak time of onset varied by drug. For instance, gefitinib induced an acute and highly lethal form of DILD; most cases of DILD occurred within 2 months of receiving treatment. (10) In contrast, onset of DILD after treatment with everolimus was gradual and most cases were lower than grade 2; median time to occurrence was 108 days. (11) Phase 1 investigators should monitor patients for signs of DILD throughout their treatment course as extremely rare cases of DILD may occur later than 6 months after initiating treatment.
There are several limitations to our study. First, diagnosing asymptomatic DILD is challenging; therefore, an underestimation of DILD prevalence in this study is possible. Second, we excluded studies in the database that lacked information related to DILD, meaning we potentially missed studies with a lower incidence.
A strength of our study is the uniqueness of our database. Individual patient information was collected prospectively and the study included drugs that were not further developed. Furthermore, the data were analyzed retrospectively. Previously, the majority of reports were from post-marketing or larger clinical trials. To the best of our knowledge, this is the first study to evaluate the incidence and risk factors for DILD in the earliest phase of drug development. Moreover, our study had a large sample size that provides statistical power with regard to examining effects related to rare adverse events.
In summary, this large analysis of phase I clinical trials provides epidemiologic evidence that risk factor profiles for DILD include concurrent therapy (including radiation), poor PS and hematologic malignancy. In addition, a decrease in BSA is associated with time to development of DILD. Most severe cases occurred 3 months after initiation of therapy. We suggest that a 6-month observation period is sufficient for detecting the onset of most DILD cases.
